This study describes the long-term seasonal and interannual variations in krill spawning using abundance of krill eggs collected during an on-going long-term monitoring program at an anchor station in the lower St Lawrence Estuary from 1992 to 2009 and data collected in the same region in 1979 to 1980. The longterm seasonal semi-monthly climatology in egg abundance revealed that krill generally reproduced during two periods, i.e. in late spring (mid-May to late June) and in late summer (August to mid-September), when phytoplankton biomass in the upper 50 m was greater than 75 mg chlorophyll a m 22 . The identification of krill eggs to the species level in 2007 revealed that Meganyctiphanes norvegica egg abundance was related to the biomass of phytoplankton averaged over the month prior to sampling, corresponding to the duration of one spawning cycle (two intermolt periods) known for this species. Overall krill egg abundance varied significantly between years, showing high abundance every 3 -5 years with no long-term interannual trend. The annual mean egg abundance normalized for the duration of krill spawning showed the same interannual long-term pattern. Both egg abundance indices were independent of the annual phytoplankton biomass, indicating that interannual variations in krill spawning biomass would be the most likely candidate to explain interannual variability in egg abundance. We propose that such normalized annual egg abundance based on high-resolution seasonal sampling could be a useful index of interannual variations in krill spawning biomass which is otherwise difficult to sample.
decline over the past 30 years (Atkinson et al., 2004) . Although there is no rigorous stock assessment in the northeast and northwest Atlantic, various semiquantitative indices based on fish stomach contents or abundance of small krill in the Continuous Plankton Recorder suggest that krill populations are also decreasing in these regions (Reid et al., 2000; Hanson and Chouinard, 2002; Pershing et al., 2005; Head and Pepin, 2009 ).
The Gulf of St Lawrence (GSL) is a seasonally icecovered region connected to the outer Atlantic Ocean by the Strait of Belle Isle and Cabot Strait. The region is characterized by the Laurentian Channel, a valley up to 400 m deep originating at the margin of the continental shelf and abruptly ending more than 2000 km upstream in the lower St Lawrence estuary (SLE) (Koutitonsky and Bugden, 1991) . The region is characterized by its estuarine circulation under the major influence of the St Lawrence River outflow and by the presence of a permanent cold intermediate layer (CIL) with water as cold as 218C and by a relatively high phytoplankton and zooplankton production (de Lafontaine et al., 1991; Koutitonsky and Bugden, 1991; Gilbert and Pettigrew, 1997; Galbraith, 2006) . Four species of euphausiids are commonly observed in the GSL: Thysanoessa inermis, T. longicaudata, T. raschii and Meganyctiphanes norvegica (Berkes, 1976) . In general, T. raschii and M. norvegica are important components of the zooplankton community in the more productive SLE and northwest GSL, while the other two species are rarely observed in these regions, being more prominent in the central and northeast GSL (Berkes, 1976 (Berkes, , 1977 . Research on krill in the SLE and GSL has been exclusively devoted to the description of vertical distribution and the processes regulating aggregations (Sameoto, 1976 (Sameoto, , 1980 Simard et al., 1986a,b; Lavoie et al., 2000; Cotte and Simard, 2005; Sourisseau et al., 2006 Sourisseau et al., , 2008 . Consequently, knowledge about the basic biology of krill in the region is almost nonexistent, resulting in our inability to understand how the different krill species will be affected by changes in environmental conditions in this seasonally ice-covered and relatively cold environment.
The description of the reproductive cycle and the understanding of the primary factors controlling population reproduction is prerequisite knowledge in population dynamics. Despite its obvious importance, only one study provides information about the reproductive cycle of krill in the GSL. Using the monthly pattern in the proportion of adult bearing spermatophores as an indicator of reproduction, Berkes (Berkes, 1976) proposed that T. inermis and T. raschii reproduce from late winter to early summer while reproduction in M. norvegica would extend until autumn. However, the use of spermatophores as an index of krill reproduction could be misleading since mating could occur a few months prior to readiness for spawning (Ross and Quetin, 2000) . While adult krill are difficult to sample due to net avoidance and patchiness, the sampling of eggs with plankton nets is less problematic and can be used to describe krill reproduction. The seasonal pattern in krill egg abundance (mainly in Euphausia pacifica) or the relationship between egg production and ambient algal biomass has previously been reported (Brinton, 1976; Astthorsson and Gislason 1997; Feinberg and Peterson, 2003; Pinchuk and Hopcroft, 2006) . However, much less is known for T. raschii and M. norvegica. Some aspects of M. norvegica reproduction such as brood size, potential life-time fecundity and gonad maturation cycle have been studied (Cuzin-Roudy and Buchholz, 1999; Tarling and Cuzin-Roudy, 2003) , but a clear description of the seasonal pattern in spawning in these species is still scarce or completely lacking in the SLE and GSL.
The aim of this study was to describe the long-term seasonal and interannual variations in krill spawning using abundance of krill eggs. We also explored the role of phytoplankton biomass in relation to krill reproduction. Our study builds on an on-going long-term monitoring program of the oceanographic physical and biological conditions conducted at an anchor station in the SLE, Canada, since 1992. Egg abundance data collected during extensive seasonal and spatial surveys of zooplankton in the SLE in 1979 -1980 are used to assess the representativeness of our anchor station sampled from 1992 to 2009. Based on decreasing krill populations observed elsewhere, we test the hypothesis of a krill population decrease in the SLE -GSL region using 18 years of time series data on krill egg abundance (1992 -2009 ). Finally, the results are discussed in the context of the general knowledge of krill reproduction and the overall decrease in krill biomass in the northwest GSL and North Atlantic.
M E T H O D

Sampling and sample analysis
Oceanographic conditions (temperature, salinity, phytoplankton biomass) and zooplankton were sampled at Station Rimouski (330 m deep) in the SLE using vertical tows on a quasi-weekly basis between April (the earliest) and December (the latest) from 1992 to 2009. Furthermore, a grid of 29 stations was sampled on 16 occasions between June 1979 and December 1980 (quasi-monthly sampling) using oblique tows with BONGO nets (Fig. 1 ). For more details on sampling protocols and methodological details see Plourde et al. (Plourde et al., 2001) and Plourde et al. (Plourde et al., 2002) . Mesh sizes used were 158 mm (1979 -1980 ), 333 mm (Station Rimouski, 1992 and 200 mm (Station Rimouski, 2004 , while the depth sampled was 250 m from 1992 to 1998 and 320 m from 1999 to 2009 at Station Rimouski and varied between 100 and 300 m at stations .100 m during sampling in 1979-1980. More than 85% of krill eggs were found in the upper 100 m of the water column at Station Rimouski from 2004 to 2009 (S. Plourde, unpublished results). Here the term egg includes all stages of embryo development before hatching to nauplii (Gomez-Gutierrez et al., 2010) . Given this vertical distribution and the size of eggs (.350 mm) in Thysanoessa raschii, T. inermis and M. norvegica, we assumed that variable mesh sizes and sampling depth in this study did not affect the abundance estimates (Timofeev, 2006) . Thysanoessa longicaudata, which shows smaller eggs that could have been under-sampled with the 333 mm mesh nets, is seldom observed in the SLE (Berkes, 1976; Harvey and Devine, 2009) .
Over the 18-year sampling period, krill eggs were usually enumerated and classified in more general taxonomic categories such as "invertebrate eggs". A close re-examination of all types of eggs in 1997, 1999, 2007 and 2009 revealed that the eggs classified in these categories showed characteristics unique to euphausiid eggs ( Fig. 2a) (Timofeev, 2006) . Moreover, among zooplankton species regularly found in the GSL, only the copepod Pareuchaeta norvegica produces eggs in the size range of 400 -425 mm. In contrast to euphausiid eggs, the P. norvegica eggs have, however, no external membrane and are mostly found in an egg sac either attached to the female or found in the sample. The dominant large-bodied copepod Calanus hyperboreus typically lay eggs of 200-220 mm from January to March in the region (Plourde et al., 2003) . Based on this evidence, we are confident that nearly 100% of the eggs reported in our historical data set were euphausiid eggs.
Krill eggs were identified to species in 28 samples collected in the SLE from April to November 2007. The measurements of the total diameter (external membrane) of 849 eggs sampled in the SLE and in other areas in the GSL revealed three distinct size modes that could be attributed to eggs of T. longicaudata, T. raschii and M. norvegica or T. inermis ( Fig. 2b) (Brinton et al., 2000; Timofeev, 2006; Gomez-Gutierrez et al., 2010) . The ratio between the diameter of the internal egg and external membrane was also used to distinguish eggs of T. inermis (ratio ¼ 0.50-0.55) and M. norvegica (ratio ¼ 0.60 -0.70 in the Kattegat and Clyde Sea areas), although there might be some uncertainties in the identification of eggs of these two species as a ratio of 0.48 was observed for M. norvegica eggs in the Plymouth area (Brinton et al., 2000; Gomez-Gutierrez et al., 2010) . We are confident that identification errors in our study are negligible considering that T. inermis reproduces early in spring and is not abundant in the SLE (Berkes, 1976; Harvey and Devine, 2009 ). Based on these criteria, we determined the proportion of eggs of different species by measuring 75-100 eggs per sample. Each specific proportion was then applied to the total krill egg abundance of the corresponding sample to estimate species-specific abundance.
Data presentation and analysis
The long-term seasonal pattern in phytoplankton biomass and egg abundance was described using data collected at Station Rimouski from 1992 to 2009. Data collected in 1979 -1980 were not included because they were collected during synoptic spatial sampling in the region. In order to reduce the noise due to highly variable phytoplankton biomass and egg abundance values, data at Station Rimouski were averaged over 15-day periods (semi-monthly average) and 95% confidence intervals were calculated.
Interannual variations in krill spawning and phytoplankton biomass were described using data collected in 1979 -1980 and 1992 -2009 . Because samples were not collected on a regular basis earlier than May and later than October in most years of the time series ( Fig. 3a) , only data between May and October were included when calculating mean annual egg abundance used in the interannual comparison.
The length and intensity of the phytoplankton bloom and krill reproduction was assessed based on monthly averaged data. As 1 mg m 23 appears necessary for krill reproduction and growth [M. norvegica (Tarling and Cuzin-Roudy, 2003); Thysanoessa spp. (Pinchuk and Hopcroft, 2006) ], we integrated phytoplankton biomass in the upper 50 m of the water column and calculated the number of months during each year with a mean chlorophyll a biomass .50 mg m 22 (equivalent to 1 mg m 23 ). Likewise, we estimated the length of the krill reproductive season with an index based on the number of months during which egg abundance was above a critical level between May and October of each year. The presence of krill eggs was highly sporadic and heterogeneous ( Fig. 3b ) and no eggs were observed in 30% of the 358 sampling events. Excluding these zero values, the 50th percentile of egg abundance was 560 eggs m 22 . This value was therefore used to determine the number of months showing "significant" krill spawning each year.
Egg abundance of different species in 2007 was determined to explore potential relationships between species-specific spawning and phytoplankton biomass. At an average temperature of 2 -58C experienced daily by vertically migrating krill between the warm surface (2 -88C) and the cold intermediate water (21-08C) layers (Simard et al., 1986b; , M. norvegica would lay eggs every 4 weeks in the SLE (two intermolt periods) (Tarling and Cuzin-Roudy, 2003) . In the absence of similar knowledge on gonad maturation cycle for T. raschii and T. inermis, we used this potential spawning interval to calculate the 4-week running mean of phytoplankton biomass in 2007 in order to describe the potential relationships between krill species-specific spawning and algal food at the temporal scale relevant to krill reproduction.
Statistical analysis
Egg abundance data were not normal with several zeros and skewed toward low abundance values ( Fig. 3 ). All statistical analyses were therefore performed on log (x þ 1) transformed data in order to account for the high proportion of zero values and to obtain a distribution as close as possible to normality. A two-way ANOVA (factors: year and region) was performed with data collected in 1979 -1980 in order to test whether three stations located around the position of Station Rimouski (1992 -2009) were representative of the whole SLE ( Fig. 1 ). Interannual variations in krill egg abundance were tested with data collected between May and October of each year with a one-way ANOVA (factor: year). To examine whether there was a long-term trend in krill egg abundance, a linear regression model was performed between mean annual egg abundance and year during the 1992 -2009 period.
R E S U LT S
Climatology of krill spawning in the SLE
The long-term (1992 -2009 ) seasonal climatology in phytoplankton biomass and in krill egg abundance based on semi-monthly averaged values indicated that krill mainly reproduced from mid-May to September corresponding to the period of high phytoplankton biomass (Fig. 4 ). However, both variables showed considerable interannual variability as illustrated by the relatively wide 95% confidence intervals. Abundance of krill eggs was low before mid-May when phytoplankton biomass was low. Afterwards, a peak in egg abundance was observed in early June followed by two successive peaks separated by an approximately 30-day interval in late August and in late September (Fig. 4a and b) . The semi-monthly averages in krill egg abundance were significantly related to corresponding 15-day averaged phytoplankton biomass (linear regression, r 2 ¼ 0.51, P , 0.001), with krill egg abundance increasing when chlorophyll a biomass was .75 mg m 22 (Fig. 4c) .
Only a weak relationship was observed between annual averaged krill egg abundance and phytoplankton biomass indices (Fig. 5 ). While mean annual egg abundance was not related to chlorophyll a biomass nor with the number of months with chlorophyll a .50 mg m 22 (Fig. 5a ), the duration of krill spawning was weakly but significantly associated with the number of months with chlorophyll a .50 mg m 22 (Fig. 5b) . The interannual variation in the duration of krill reproduction explained 57% of the variability in krill egg annual mean abundance (Fig. 5c ).
Representativeness of data collected at Station Rimouski
Krill egg abundance data in 1979 and 1980 derived from three stations located near Station Rimouski ( partial grid) were compared with the full grid of 29 stations (Fig. 1) . Egg abundance was not significantly different (two-way ANOVA, P . 0.05; Table I ) between the three stations and the full grid and showed similar interannual variability (no interaction between partial/ full grid and years, two-way ANOVA, P . 0.05; Table I ). This result indicates that Station Rimouski is reliable for describing interannual variations of krill egg abundance in the SLE.
Interannual variation in krill egg abundance
Krill egg abundance showed interannual variations over the 1979 -1980 and 1992 -2009 periods independent from the phytoplankton biomass (Fig. 6 ). Phytoplankton biomass showed large interannual variability with mean annual values generally greater than 50 mg m 22 integrated in the upper 0 -50 m (Fig. 6a ). Despite the high within-year variability, there was a significant difference in krill egg abundance among years in the SLE (ANOVA, DF ¼ 19, sum of square ¼ 659.3, F ¼ 3.35, P , 0.001). High egg abundances were observed in few years (1979, 1992 -1993, 1999, 2005 and 2009) JOURNAL OF PLANKTON RESEARCH j VOLUME 33 j NUMBER 5 j PAGES 703-714 j 2011 separated by 3 -5 years of low values (Fig. 6b ). There was no long-term trend in krill egg abundance from 1992 to 2009 (regression of egg abundance versus year, P ¼ 0.9). The influence of the duration of krill spawning on the annual egg abundance (Fig. 5c ) lead us to normalize the annual egg abundance, i.e. representing the data as the egg abundance per month with significant spawning (.50th percentile of eggs m 22 ) (Fig. 6b ). Note that we did not normalized the annual egg abundance during the 3 years (1995, 1996, 2006) where no months in which egg abundance .560 egg m 22 were observed. The normalized egg abundance time series was characterized by a smaller amplitude of variation but showed a similar interannual pattern with no longterm trend (P ¼ 0.9) (Fig. 6b ).
Spawning pattern in sympatric krill species in 2007
Eggs of T. inermis, T. raschii and M. norvegica were observed during the seasonal survey in 2007 (Fig. 7a) . Eggs of M. norvegica dominated during most of the sampling period except in April and May when eggs of T. raschii were the most abundant. Eggs of T. inermis were only observed at very low abundance (maximum of 80 eggs m 22 ) in April and May (Fig. 7a) . Meganyctiphanes norvegica showed three major peaks in egg abundance separated by 3 -4 weeks in late June, early to mid-August and in September. The two main peaks in summer followed distinct phytoplankton blooms. Thysanoessa raschii showed five distinct but small peaks in egg abundance from April to mid-August separated by 3 -6 weeks with the main one in late June. Meganyctiphanes norvegica egg abundance was not related to the biomass of chlorophyll a on each sampling occasion (P . 0.05), but it was positively related to the 4 weeks running mean of chlorophyll a biomass (r 2 ¼ 0.69, P , 0.001) (Fig. 7b ). Thysanoessa raschii egg abundance was not related to phytoplankton biomass (not shown, P . 0.05).
D I S C U S S I O N
This study revealed that krill spawning in the SLE mainly occurred from mid-May to late September with some considerable interannual variability in intensity. Krill spawning duration was weakly related to the duration of the phytoplankton bloom and annual spawning intensity was independent of phytoplankton biomass. Although there was no significant long-term trend in krill egg abundance, a 3 -5-year cycle in spawning activity was observed in the SLE. In the following sections, we discuss key results in the context of the general knowledge on krill reproduction and interannual variation in population size and biomass.
Seasonal cycle of krill spawning
Krill spawning in the SLE generally occurred from mid-May to late September, an onset of reproduction 1 -2 months later than previously described for the entire GSL based on the presence of spermatophores in adult stages (Berkes, 1976) . Thysanoessa inermis and T. raschii reproduce earlier than M. norvegica (Astthorsson and Gislason, 1997 ), a situation also described in the GSL (Berkes, 1976) . Two main reasons may explain the 1 -2 months delay in the onset of krill spawning in the SLE relative to the GSL. First, the onset of the phytoplankton bloom in the SLE generally occurs in June typically 1 -2 months later than in the rest of the GSL in response to the maximum in freshwater runoff from the St Lawrence River (Levasseur et al., 1984) . Pre-bloom conditions in April and May would limit T. raschii reproduction due to food limitation and favor the downstream transport of the eggs in the strong surface currents. Secondly, the use of spermatophores as an indicator of krill spawning could be misleading since maturation and mating could occur a few months prior to actual spawning (Ross and Quetin, 2000) . Detailed egg identification and enumeration in 2007 showed that egg abundance increased in mid-June following the onset of the spring bloom in early June and was dominated by M. norvegica, while eggs of T. raschii accounted for more than 75% of krill eggs in April to early June (Fig. 7a) . The long-term semi-monthly climatology in egg abundance clearly showed that egg abundance and phytoplankton biomass could increase as early as mid-May (Fig. 4) , suggesting that T. raschii could probably reproduce in the region at least in some years other than 2007. This species generally represents a high proportion of krill abundance and biomass in the SLE and adjacent northwest GSL, indicating that it would be a major contributor to total krill egg production in some years (Berkes, 1976; Sameoto, 1980; Simard et al., 1986a) . In contrast, the contribution of T. inermis to the krill reproduction in the region may be marginal, because of its early reproduction mainly based on internal lipid reserves and its low abundance in the SLE (Berkes, 1976; Pinchuck and Coyle, 2008) .
More detailed analyses of eggs species composition are necessary before making further conclusions regarding species-specific seasonal and interannual patterns in spawning intensity.
Krill spawning and food availability
The lack of a relationship between annual egg abundance and phytoplankton biomass or bloom duration suggests that interannual variations in krill egg abundance in the SLE were probably governed by factors other than the variability in the individual egg production and fecundity. The SLE is considered a highly productive region with chlorophyll a biomass in the upper 0 -50 m of the water column generally .50 mg m 22 (or 1 mg m 23 in the 0-50 m); in fact, only few years showed mean annual chlorophyll a biomass ,50 mg m 22 from May to October (Fig. 6a ).
As chlorophyll a biomass .50 mg m 22 is generally considered to be non-limiting for gonad maturation and egg production in M. norvegica and in other krill species as well (Tarling and Cuzin-Roudy, 2003; Atkinson et al., 2006; Pinchuk and Hopcroft, 2006) , egg production of individual krill should not be regularly limited by food in the SLE. Krill spawning showed a 3 -5 years cycle between years of high egg density (Fig. 6b ). Interannual variations in krill egg density off the Oregon coast with years of high density occurring only one to two times over a 6-year period also suggest a potential for multiyear oscillation at the population level (Feinberg and Peterson, 2003) . Similar, although somewhat longer oscillations spanning 4 -6 years in either recruitment or in population standing stock have been observed in Antarctic krill (Hewitt et al., 2003; Quetin and Ross, 2003; Wiedenmann et al., 2009) . Such fluctuations in population size suggest a potential for important interannual variations in krill spawning stock and overall population egg production, and ultimately in egg abundance. The lack of relationship between the annual indices of phytoplankton biomass and krill egg abundance in the SLE and these indications of multi-year cycles in krill population egg abundance and biomass in other regions suggest that variations in the spawning stock biomass would be of primary importance to explain our observations. At this point, our limited understanding of mechanisms regulating the long-term variability in physical and biological processes in the highly connected SLE and northwest GSL precludes inference about controlling factors underlying the 3 -5 years in krill reproduction in the region, a subject beyond the scope of the present study. While the interannual variations in krill spawning were mostly independent from annual fluctuations in phytoplankton biomass, the within-year variations in spawning appeared strongly dependent on algal food concentration. Egg abundance of M. norvegica in 2007 was strongly related to the chlorophyll a biomass during the preceding 4 weeks, suggesting that algal food was necessary for reproduction of this species. Using back-calculated spawning time based on abundance and development time of larval stages, Tarling and Cuzin-Roudy (Tarling and Cuzin-Roudy, 2003) concluded that spawning events of M. norvegica in the Clyde Sea were occurring after 2 -3 weeks of sustained phytoplankton biomass greater than 1 -1.5 mg m 23 . We choose to estimate algal biomass during 4-week periods based on an estimated 30 -35 days necessary for M. norvegica to achieve a spawning cycle (two intermolt periods) at ambient temperatures in the SLE (Cuzin-Roudy and Buchholz, 1999; Tarling and Cuzin-Roudy, 2003) . The use of phytoplankton biomass averaged over the whole gonad maturation cycle was more appropriate than using discrete algal biomass data (Fig. 7b ). Such a lack or only weak relationship between krill egg density and chlorophyll a biomass was also observed for E. pacifica and T. spinifera off the Oregon coast, USA, and was mostly attributed to the fact that phytoplankton and krill egg production may only be coupled on relatively longtime scales (Feinberg and Peterson, 2003; Feinberg et al., 2010) .
Eggs could prove to be useful for the seasonal and long-term interannual monitoring of krill reproduction (Feinberg and Peterson, 2003) . Station Rimouski is located in the middle of the SLE, a region where krill is known to form dense aggregations along the northern flank of the Laurentian Channel both upstream and downstream of the sampling site (Simard et al., 1986a; Lavoie et al., 2000) . Our quasi-weekly sampling interval was likely effective in detecting the different krill spawning events in the SLE and allowing their temporal integration in a single index of krill reproduction during a year even if krill spawning is synchronized at the population level (Fig. 7a ) (Tarling and Cuzin-Roudy, 2003) . At the surface layer temperature prevailing in the SLE in spring to autumn (2 -78C), T. raschii and M. norvegica eggs hatch in less than 1 week (S. Plourde, unpublished results) , indicating that weekly egg density is a good indicator of new spawning activity. Finally, the similarity between the annual mean egg abundance estimated in 1979 and 1980 from the 29 stations covering the entire region and the one based on the three stations located in the vicinity of the position of Station Rimouski reinforces the validity of our long-time time series at this station (Fig. 1 , Table I ).
Implications for the assessment of krill populations
We propose that the annual mean egg abundance normalized for the effect of variations in spawning duration could represent a reliable index of interannual variations in krill spawning stock in the SLE. Egg abundance is commonly used to estimate spawning stock size in several pelagic fish species such as anchovy and mackerel that are difficult to sample similarly to krill (Saville, 1977) . To apply this approach to krill and provide first-order estimates of adult krill stock, speciesspecific knowledge about abundance of different egg development stages, their survival and the fecundity (or egg production rate) of adult females is required, but unfortunately mostly lacking at this time. Nonetheless, we suggest that interannual variations in egg abundance, independent from the phytoplankton biomass, could at least provide a relative index of interannual fluctuations in krill parental stock. In the copepod Calanus finmarchicus, both seasonal and spatial patterns in population egg production in the SLE and GSL are governed by adult female abundance, with variations in per capita egg production explaining less than 15% of the variability (Plourde et al., 2001 (Plourde et al., , 2009a . Additionally, the abundance of C. finmarchicus eggs in the SLE is positively correlated with the abundance of adult females on an annual time scale (S. Plourde, unpublished results) .
Interannual variations in the proportion of Euphausia superba actively reproducing have been related to variations in the timing, duration and in the intensity of phytoplankton bloom (Quetin and Ross, 2001) . We believe these factors would have a minor influence on our time series of krill egg abundance in the SLE. The normalized annual index of egg abundance already takes into account interannual variations in the duration of krill reproduction, while the annual averaged phytoplankton biomass in the region is usually above the level considered limiting for krill reproduction and growth, suggesting that large interannual variations in the proportion of actively reproducing adult krill are unlikely (Tarling and Cuzin-Roudy, 2003; Atkinson et al., 2006; Pinchuk and Hopcroft, 2006) . The fact that both low and high annual egg abundance were observed in years with high and low phytoplankton biomass reinforces our conclusion that spawning stock biomass is the first-order factor explaining interannual variations in egg abundance (Fig. 5a ).
Seasonal and interannual variations in egg mortality could potentially affect egg abundance. Early development stages of marine copepods experience high mortality mainly associated to cannibalism and predation that varies among regions, seasons and years (Ohman and Hirche, 2001; Plourde et al., 2009a,b) , a situation also expected to occur in broadcast spawning euphausiid species (Brinton, 1976) . However, the fact that our annual index of krill egg abundance encompasses the whole seasonal range of population egg production would likely minimize potential bias related to seasonal fluctuations in egg mortality. Moreover, since high mortality in early stages occurs above some critical predator density (non-linear density-dependent process) (e.g. Ohman and Hirche, 2001; Plourde et al., 2009a) , the effect of interannual variations in krill egg mortality would be greater at high population density. Density-dependent mortality would result in a decrease in the maximum annual egg abundance, and therefore reduce the amplitude of variations between years of high and low egg abundance, not the general interannual pattern.
Our results have some interesting implications for the long-term monitoring and assessment of krill population in the SLE and elsewhere. Our normalized annual egg abundance based on a complete seasonal survey showed marked interannual variations but no long-term trend contrary to our initial hypothesis and the krill stock assessment carried out only over a short period of time in autumn in the SLE (Harvey and Devine, 2009) . Although restricted to the SLE and back to 1979, our results also contradict published work suggesting a decrease in euphausiid abundance in the northwest Atlantic (Pershing et al., 2005; Harvey and Devine, 2009; Head and Pepin, 2009 ). Due to its swimming and potential schooling behavior, the quantitative assessment of juvenile and adult krill stock is not easy and demands major logistics. In the SLE and GSL, the highly dynamic circulation coupled with relatively small internal Rossby radius implies that sampling krill at high temporal (monthly scale) and spatial resolutions (5 -10 km) is necessary to estimate krill stock (Koutitonsky and Bugden, 1991; St-Pierre et al., unpublished results) . In the absence of rigorous stock assessment for krill in these waters, the observation of decreasing krill populations was based on either a short (5 days) annual survey, qualitative long-term records of fish stomach contents or sampling of small individuals in the surface layer (7 -10 m) with the Continuous Plankton Recorder (Hanson and Chouinard, 2002; Pershing et al., 2005; Head and Pepin, 2009 ). All these approaches showed important limitations such as limited temporal resolution so that quantitative sampling of the entire population is not possible. In contrast, our results suggest that the approach of using krill eggs to follow interannual variations in krill spawning stock and potentially estimate its biomass is more promising. It is a lot easier to sample krill eggs with simple plankton nets allowing a higher temporal and spatial resolution as well as sampling of the entire water column.
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